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regulation of glycolysis and the action of such hormones as epinephrine there is no major difference between fetal and adult muscle. In our studies of metabolic control mechanisms in skeletal muscle from rhesus fetus we have determined the tissue levels of the metabolic intermediates and cofactors of the glycolytic pathway and During the last 15 years the scarcity of data published on the have calculated the mass-action ratios for each reaction. Skeletal and biochemistry of fetal skeletal muscle contrasts muscle from rhesus fetuses (Macaca mulatta), 90-155 days of ges-with the amount of similar information on adult muscle. Studies tational age, and from adult rhesus monkeys was used in these ex-on muscle from fetal rhesus monkeys (Macaca mulatta), which are periments. biologically similar to the human primate, are therefore of he apparent equilibrium constants for hexokinase and phospho-particular interest. Although the newborn rhesus monkey appears fructokinase (PFK) in these tissues were Over 1,000 times larger to be somewhat more advanced physically than the human baby, than the mass-action ratios at all ages studied; the corresponding we have demonstrated that rhesus skeletal muscle shows a pattern values for pyruvate kinase were more than 800 times different. of differentiation into fiber types similar to that of the adult muscle The data suggest that these three enzymes are rate-limiting for at about the same relative gestational age (73% of term) as the fetal skeletal muscle as early as 54% of gestation. The next Step human muscle (75% of term) (3) . Many publications are available was to study some of the numerous factors that modify these non-on the identification of rate-limiting reactions for the glycolytic equilibrium reactions. increasing the ATP concentration had a pathway in adult skeletal and cardiac muscle (20, 22) , but similar marked effect on the PFK activity of both fetal and adult muscle, data on fetal muscle appear to be lacking. Experimental apfirst increasing and then inhibiting enzyme activity. At maximum proaches t~ identifying regulatory enzymes in metabolic pathways PFK activity, the amount of fructose-6-PO4 (F6P) phosphorylated include determining mass-action ratios, assaying maximal enzyme per mg of protein was 2-3 times greater in the two fetal than in activities in vitro, measuring the effects of altered flux rates on the the adult series. At a concentration of 0.3 mM, citrate decreased tissue content of pathway intermediates, measuing the rates o f PFK activity of the 100-day fetal muscle; a further decrease oc-product formation from various precursors, and investigating the curred at 1.2 mM citrate. At a citrate level of 0.3 mM, the addi-kinetic and allosteric properties of enzymes, a result of such tion of inorganic phosphate ( P I ) or cyclic A M P returned PFK ac-studies, much evidence has accrued to implicate the reactions tivity to the uninhibited levels (pH 7.0). Relief of A T P inhibition of catalyzed by hexokinase, PFK, and pyruvate kinase, as regulatory F 6 P phosphorylation with P I and cyclic A M P was also observed a t reactions for glycolysis in adult tissues (20, 22) . p H 7.0 in extracts of 100-day fetal skeletal muscle.
As a first step in our investigation we determined the levels of all the metabolic intermediates and cofactors in the glycolytic pathSpeculation way of skeletal muscle from fetal rhesus monkeys and used these data to identify enzymes which catalyze nonequilibrium or possible control of carbohydrate metabolism in the fetus and newborn rate-limiting reactions. The evidence shows that the same enzymes (30, 31) has recently become a point of considerable interest. F~~ previously reported to be nonequilibrium and rate-limiting in adult example, it is now known that the mammalian fetus possesses an skeletal and cardiac muscle are also nonequilibrium and therefore endocrino~ogic autonomy and many hormones have been identified possibly rate-limiting in fetal muscle: hexokinase, PFK, and in the fetal circulation early in gestation. The mere presence of a PYruvate kinase (22, 34) . We found further evidence for a hormone, however, does not necessarily imply that it is physio~ogi-rate-limiting step at the level of PFK with extracts of fetal muscle. cally or biochemically active since tissue responsiveness may not Results similar to ours have been reported for sperm extracts (I I). have developed. It is generally agreed that in the adult, one of the primary effects of many hormones is to change the intracellular
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concentration of cyclic A M P (26) . However, for the hormone to Skeletal muscle from rhesus fetuses (M. mulatta), 9 0 1 5 5 days have its effect the cell must be capable of responding to such a of gestational age, and adult rhesus monkeys was used in these change. In an earlier paper (7), we suggested that insulin and epi-experiments. The average gestational age in our colony was 165 nephrine affect carbohydrate metabolism in rhesus fetal muscle by days. The monkeys were anesthetized with Halothane (2-bromo-2-changing the level of cyclic AMP. But even the simplest hormone-chloro-l,l,l-trifluoroethane (1% or less) in a mixture of 75% mediated action has its origin in a chain of events, every link of oxygen and 25% nitrous oxide or Ketalar (dl-2-(0-chlorophewhich must be intact if the system is to work. These considerations nyl)-2-(methylamino)cyclohexane hydrochloride), 5 mg/kg. Samare relevant to the perinatal period, for the enzymes in the adult ples of muscle were taken from the upper arrn and thigh of fetuses cell are not necessarily present in the corresponding fetal cell (30) . and from the sartorius muscle of adults. For the determination of Our data provide evidence that as early as midterm the enzyme, mass-action ratios, the muscle was carefully stripped of fat and PFK, which is generally agreed to be rate-limiting for glycolysis connective tissue in sit11 and a sample was then excised and frozen in adult tissues, is also rate-limiting in fetal muscle and is sensitive within 3 sec in a Wollenberger clamp at liquid nitrogen temperato changes in the level of effector molecules such as cyclic AMP. ture. The muscle was then wrapped in aluminum foil and stored at These results provide support for the hypothesis that in the overall liquid nitrogen temperature.
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The frozen biopsy was prepared for analysis as described previously (4) . and the glycolytic intermediates were assayed with a Perkin-Elmer 203 fluorescent spectrometer with appropriate coupling enzymes by the disappearance of added N A D H or the formation of N A D P H from added N A D P as described by Maitra and Estabrook (18) and Lowry and Passonneau (16) with modifications. Recovery of known quantities of glycolytic intermediates was usually good and varied between 85% and 100%. If duplicate determinations did not agree within lo%, additional determinations were done. ATP, ADP, and A M P were determined by a modification of the methods of Stanley and Williams (32) and Johnson et al. (12) . Adenine nucleotides in HCIO,, which do not keep well at -20' ( 3 9 , are stable for at least I month at liquid nitrogen temperature (-200"). Orthophosphate was determined on the neutralized HC10, supernatant (17) . The value of 21% for the extracellular space in rhesus muscle was determined previously in our laboratory with [U-"C]inulin (5) . The volume of the intracellular water was calculated as the difference between the total water content and the inulin space. With these data, mass-action ratios were calculated as described by Newsholme and Start (Reference 22, p. 30). Since experimental determination of the content of 1,3-diphosphoglycerate in tissues is difficult, it is more convenient to combine the reactions producing and utilizing this compound and to calculate the mass-action ratio for the combined glyceraldehyde phosphate dehydrogenase and phosphoglycerate kinqse reaction (Reference 22, p. 141).
For the experiments on extracts of skeletal muscle, the tissue was collected under the same conditions as previously described, dissected free of adipose and connective tissue, immediately rinsed in ice-cold 150 m M KCI, and freeze-clamped. A 0.5-1.0-g sample of the frozen muscle was placed on top of 0.5 ml frozen medium (80 m M KCI, 80 m M N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid (TES), pH 7.4, at room temperature) in a glass tube packed in dry ice and chopped finely with a scalpel. A small amount of cold homogenizing medium was added and the chopped tissue was allowed to thaw in a slurry of cold medium. The sample was diluted to make a 10% mixture (weight to volume) and homogenized in a Polytron (PT20 ST) for 5 sec at 4.0". The homogenate was centrifuged for 30 min at 21,000 x g ( 2 7 , the protein level of the supernatant was quickly determined by a modification of Lowry's method (14) , and the protein concentration was adjusted to the desired level. This extract is similar to a heart extract studied by Mansour (19) and extracts of several other tissues such as sperm (1 1, 21) . One-half milliliter of the muscle extract was added to 0.5 ml incubation medium pH 7.0 or 8. shaker at 37O. The reaction was stopped by the addition of 30 ~l 60% HC10.. In the series where the level of A T P in the incubation medium was increased, the MgC1, was maintained at equimolar levels; when citrate was added, the MgCI, was maintained at concentrations 0.1 m M higher than the citrate concentration. The value for F6P phosphorylated was obtained by subtracting the levels of glucose-6-P and F6P left after incubation with exogenous F6P from the original values in the incubation medium.
RESULTS
The enzymes that catalyze equilibrium reactions cannot control the overall rate of flux in metabolic pathways under physiologic conditions. Therefore, the first step in identifying rate-limiting reactions is to identify the enzymes that catalyze reactions far removed from equilibrium. This can be done by measuring the tissue levels of all the metabolic intermediates and cofactors of a pathway and calculating the mass-action ratios for each reaction. If the apparent equilibrium constant is similar to the mass-action ratio, an equilibrium reaction is indicated. If the apparent equilibrium constant is larger than the mass-action ratio, a nonequilibrium or possible rate-limiting reaction is indicated. All rate-limiting enzymes must be nonequilibrium, but all nonequilibrium enzymes are not necessarily rate-limiting. According to Rolleston (27) , if the apparent equilibrium constant is at least 20 times larger than the mass-action ratio, the reaction is probably nonequilibrium or rate limiting.
The values for the mass-action ratios for the glycolytic pathway of fetal and adult skeletal muscle and for the apparent equilibrium constants at pH 7.4 are shown in Table 1 . There is no significant difference between the fetal and adult values. The tissue levels for the glycolytic intermediates and cofactors from which the massaction ratios are calculated are shown in Table 2 . The apparent equilibrium constants for hexokinase and PFK in these tissues were over 1,000 times larger than the mass-action ratios at all ages studied; the corresponding values for pyruvate kinase were more than 800 times different. These data suggest that as early as 54% of gestation these three enzymes are rate-limiting for glycolysis in fetal skeletal muscle. However, it is difficult to assess the nature of rate-limiting enzymes in a metabolic pathway from calculated apparent equilibrium constants and mass-action ratios since the conditions under which these values are obtained may not reflect the situation in vivo. Since no experimental values for 1,3-diphosphoglycerate levels are available, the mass-action ratios of glyceraldehyde-P dehydrogenase and phosphoglycerate kinase cannot be calculated individually. There is evidence that this overall reaction may be a nonequilibrium reaction in other tissues such as heart and Taenia coli (4, 34) . However, the apparent equilibrium constants (ATP + 0.5 ADP)-ATP + ADP + AMP (I).
for the combined reaction of the two enzymes as well as the remaining reactions in the glycolytic pathway for fetal and adult muscle appear to be equilibrium reactions since the apparent equilibrium constants are less than 20 times larger than the mass-action ratios (Table 1) . Although the A T P levels (nanomoles per g wet wt) are lower in the 90-day fetal muscle (Table 2 ) than in the adult muscle, the energy charge, as defined by Atkinson (1) ( A T P + 0.5 ADP-ATP + A D P + AMP), is similar to that in the adult series and greater than 0.8. This value for the adenylate energy charge represents a stable metabolic state and is presumed to indicate a physiologic situation in the cell (20) . Furthermore, when the A T P levels were calculated on a per mg of nitrogen basis, they were 144 nmol A T P / m g N for the adult and 141 nmol A T P / m g N for the fetal series.
T h e next step was to study some of the numerous factors that might modify these nonequilibrium o r rate-limiting reactions, including ATP, citrate, P,, and cyclic A M P . In Figure IA we have compared the effect of increasing levels of exogenous A T P on the amount of F 6 P converted to fructose-l,6-diphosphate ( F D P ) by extracts of fetal and adult muscle (pH 7.0). T h e endogenous levels of A T P were less than 0.02 m M . The level of P, was relatively constant between 0.2 and 0.3 m M . At pH 7.0 A T P had a marked effect on the PFK activity of both fetal and adult muscle, first increasing and then decreasing enzyme activity. This biphasic response of P F K from adult tissues to increasing levels of A T P (at low pH values) has been reported by others (10, 15, 20) . At the lower levels of ATP, the activity of P F K was similar in the fetal and adult muscle extracts; however, the P F K activity of the adult series peaked at 0.1 m M ATP, the neonatal series at 0.15 m M ATP, the 150-day series at 0.3 m M , and the 100-day at 0.6 m M . At maximum P F K activity the amount of F6P phosphorylated per m g of protein in the fetal series was 2-3 times greater than that in the adult series. If the intracellular levels of A T P in vivo are estimated from the values found in Table 2 , the lowest concentration is 2 m M ; this level is inhibitory in our in vitro system (Fig.  IA) . T h e intracellular P, is about 4 m M and the cyclic A M P 0.6 p M . Presumably the operation of the glycolytic pathway in both the fetal and adult muscle depends on the presence of ligands such as P, that are capable of deinhibiting P F K when high concentrations of A T P are present.
When the concentration of F6P was increased the total amount converted to F D P increased in a linear fashion (Fig. 2) ; however, there was a marked change in the effect of A T P on P F K activity. A s the F 6 P substrate level increased, the inhibitory effect a t 6 m M A T P decreased from 100% at 1 m M F 6 P to less than 10% at 3 m M . 
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Fig. 1 . A: effect of increasing levels of ATP on the nanomoles of fructose-6-PO, converted to fructose-1,6-diphosphate by extracts of skeletal muscle from rhesus monkeys at different stages of development. Incubation time 4 min, 0.6-0.7 mg protein/ml incubation medium. The incubation medium was 80 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 80 mM KCI, 2 mM NAD, 0.2 mM MgCI,, I mM fructose-6-PO,, ATP added as indicated (MgCI, maintained at equimolar concentrations), 200 mg/100 ml bovine serum albumin, pH 7.0, at 37'. Endogenous levels of ATP in the medium were 0.02 mM or less and P, was 0.2 to 0.3 mM. Duplicate incubations, two monkeys in each group except for the 3-day-old neonate group which had one monkey. B: effect of increasing levels of ATP on the nanomoles of fructose-6-PO, converted to fructose-l,6-diphosphate. Experimental conditions as in A , 3 mM fructose-6-PO,, pH 8. Fig. 3 . Relief by 0.1 mM cyclic AMP and 1.0 mM P, of citrate and ATP inhibition of fructose-6-PO, phosphorylation in extracts of 100-day fetal muscle. Experimental conditions as in Figure I .
Citrate, at a concentration of 0.3 m M , decreased PFK activity of the 100-day fetal muscle with a further decrease at 1.2 m M citrate (Fig. 3A) . At a citrate level of 0.3 m M , the addition of inorganic phosphate (P,) or cyclic A M P returned PFK activity to the uninhibited levels (pH 7.0). At 1.2 m M citrate the relief of inhibition with cyclic A M P and PI was incomplete (Fig. 3A) . Some inhibition of PFK activity, about 2496, was observed at 0.15 m M citrate. Relief of ATP inhibition of F6P phosphorylation with P, and cyclic A M P was also observed at pH 7.0 in extracts of 100-day fetal skeletal muscle ( Fig. 3B) .
Since cyclic A M P is an active deinhibitor of fetal PFK and the level of cyclic A M P is higher in fetal than in adult skeletal muscle (7, 8) , we measured the relative activities of PFK in the two series under conditions (pH 8.2) which would minimize the stimulating effect of cyclic AMP. With mammalian PFK's the enzyme generally loses its susceptibility to regulation as the pH increases above 7.6 (6). At pH 8.2 the inhibitory effect of ATP is eliminated (Fig. IB) and one would expect a minimal increase in activity with effector molecules such as cyclic A M P (20) . However, fetal PFK activity is still about three-fold greater than the adult activity at this high pH (Fig. I B) .
A specific activator (nonallosteric) or activators for PFK may be present in fetal muscle or a specific inhibitor or inhibitors in adult muscle. T o test this possibility, we combined samples of homogenate from fetal and adult muscle in a ratio of 1:l. The activity in the mixture was proportional to the activity in the original extracts ( Table 3 ).
The mass-action ratios for the glycolytic pathway in fetal and adult muscle are alike and are fairly similar to those reported by Newsholme and Start (22) for various other adult tissues such as heart and brain. This emphasizes the basic metabolic similarity of different tissues. Our main uroblem was to determine how earlv in gestation do the enzymes catalyzing the nonequilibrium reactions described for adult muscle (hexokinase, PFK, and pyruvate kinase) also catalyze nonequilibrium reactions in developing muscle. Apparently these nonequilibrium reactions can be identified as soon as sufficiently large samples of muscle are available for analysis.
Phosphofructokinase is a key enzyme in the regulation of glycolysis in various adult tissues, e.g., heart and skeletal muscle, brain, liver, erythrocytes, and sperm (20) and in the regulation of its activity by interaction with various compounds, represets a complex enzyme. This complexity lies in the fact that in addition to its multimolecular forms it is affected by a multiplicity of ligands. Furthermore, its kinetics are markedly influenced by pH. At 8.2, PFK exhibits the Michaelis-Menten type of kinetics, at pH 6.9 typical allosteric kinetics. The sensitivity of PFK to effector molecules varies in different tissues such as liver and skeletal muscle (20) . Although A T P has a biphasic effect on muscle PFK activity at all ages studied, the sensitivity of this enzyme to A T P appears to increase as development proceeds (Fig. IA) . The younger the muscle studied the higher the level of A T P needed for maximum activity. Mansour (19, 20) has reported that increasing the level of F6P decreases the sensitivity of semipurified PFK from guinea pig heart to ATP. As we increased the concentration of F6P in the incubation medium, the concentration of ATP necessary to inhibit the enzyme also increased.
ATP appears to be the most critical of the ligands which modify PFK. This is due to several factors. A T P is present in most tissues at relatively high concentrations, and other modifiers such as PI activate PFK mainly by relieving ATP inhibition (20) . In fetal and adult rhesus skeletal muscle, the intracellular concentration of F6P was estimated to be about 0.04 -0. I I m M and the concentration of A T P greater than 2 m M , assuming uniform distribution in intracellular water. Thus, at this low F6P level, the ATP concentration in the skeletal muscle, like that in rat heart (25) , is high enough to inhibit glycolysis markedly unless there is considerable deinhibition. Cyclic A M P levels are probably too low to influence the PFIC activitv unless there is com~artmentalization.
We have already demonstrated that the concentration of cyclic A M P is higher in fetal than in adult skeletal muscle (7, 8) . Since the level of A T P and F6P at all ages is such as to ensure greater inhibition of PFK, the greater PFK activity in fetal compared with adult muscle may be due to relief of this inhibition by the higher level of cyclic A M P in the fetal tissue. At pH 8.2, cyclic A M P does not stimulate PFK activity (19) . Therefore, the fact that the difference between fetal and adult PFK activity is similar at pH 8.2 and pH 7.0 is evidence that effector molecules such as cyclic A M P do not account for this difference. Furthermore, a 1: I mixture of extracts of fetal and adult muscle yields an average PFK activity proportional to that in the original extracts both at pH 7.0 and 8.2. This is additional evidence that the intrinsic activity of fetal PFK is higher than that of adult and concurs with previous data which demonstrate that the QO, values, CO, production, glucose uptake, and lactate and pyruvate production (with noncollageous protein as reference base) is higher in 100-day fetal muscle than in adult n~uscle (2) .
Citrate has long been known to be a potent inhibitor of PFK in skeletal muscle from adult animals and P, was shown to be capable of relieving this inhibition (23) . Since then, this observation has been verified in many tissues (20) . However, to our knowledge, no one has studied the effect of citrate on fetal muscle metabolism. In this study, 0.3 m M citrate markedly inhibited the phosphorylation of F6P to F D P by extracts of muscle from 100-day fetal rhesus monkeys (Fig. 3A) . Glycolysis was maximally inhibited by a concentration of 0.3-0.5 m M citrate. As in adult tissues, cyclic A M P and PI relieved this inhibition in extracts of 100-day fetal muscle. In view of the glucose-fatty acid cycle hypothesis originally proposed by Randle et a/. (24) , the inhibition of glycolysis by citrate is important. According to Randle's hypothesis, the increased availability of fatty acids and ketone bodies for oxidation in diabetes causes an increase in citric acid cycle activity, which in ' Experimental conditions are as in Figure 1 with 3 mM fructose-6-P, 3
rnM ATP (equimolar MpCI,), and an incubation time of 5 min.
METABOLIC CONTROL MECHANISMS 153 turn increases the citrate level in the muscle and decreases glucose uptake and utilization. S o far, this glucose fatty acid cycle theory has been verified only in adult cardiac muscle and perhaps diaphragm, specialized muscles that represent only about 1% of the body weight (28) . When applied to a tissue such as skeletal muscle, which represents such a large percentage of total body weight (20 -25% in the fetal and 40--45% in the adult rhesus monkey), this hypothesis is of considerable physiologic importance.
The mass-action ratio for pyruvate kinase in fetal and adult muscle indicates a reaction far removed from equilibrium. There have been far fewer studies on this reaction than on PFK, although pyruvate kinase shares some of the regulatory properties of PFK. The maximum activity of pyruvate kinase is so much higher in adult cardiac and skeletal muscle than that of PFK (22) that its activity would have to be markedly decreased to affect glycolysis. However, creatine phosphate, ATP, and phenylalanine inhibit pyruvate kinase and anoxia doubles the activity in terms of flux (9, 13, 33, 34) . Further work is needed to determine whether some of the regulatory effects on glycolpsis in skeletal muscle in vivo are exerted at the level of pyruvate kinase. However, pyruvate kinase cannot regulate glucose uptake; its inhibition would only cause the accumulation of glycolytic intermediates between fructose diphosphate and phosphoenolpyruvate (22) .
Reverse glycolysis is probably not a significant metabolic pathway in these muscle extracts. Although some fructose diphosphatase is found in white skeletal muscle, the levels are too low to be detected in red skeletal muscle, cardiac muscle, or smooth muscle (22) . Stiffel et al. (29) found that the activity of PFK in rat muscle was 40 times higher than that of fructose diphosphatase. We know of no data on fetal muscle.
SUMMARY
In our studies of metabolic control mechanisms in skeletal muscle from the rhesus fetus, we have so far determined the tissue levels of the metabolic intermediates and cofactors of the glycolytic pathway and have calculated the mass-action ratio for each reaction. At midterm, the apparent equilibrium constants in fetal muscle were over 800 times larger than the mass-action ratios for hexokinase, PFK, and pyruvate kinase, evidence that these three enzymes can be regulatory for glycolysis early in development. The remaining reactions in the glycolytic pathway were either at equilibrium or close to equilibrium and therefore cannot be regulatory.
The phosphorylation of F6P by a cell-free extract of fetal and adult muscle was also studied. At pH 7.0, increasing the level of A T P in the incubation medium increased and then decreased the phosphorylation of F6P to FDP (PFK activity). Increasing the concentration of F6P decreased the sensitivity of PFK to increasing levels of ATP. Both cyclic A M P and PI relieved A T P inhibition of PFK in extracts of 100-day fetal muscle. Citrate inhibited PFK activity in the 100-day series and this inhibition was also relieved by cyclic A M P and PI. These effects are typical of the reactions of semipurified preparations of PFK from many adult tissues.
At pH 7.0 and pH 8.2 the activity of PFK was 3--5 times greater in fetal muscle extracts (midterm) than in adult; this difference was present but less pronounced close to term and even less in the neonate.
